In vivo characterization of regulatory polymorphisms is a key requirement for next-generation human genetic analysis. Here we describe haploChIP, a method that uses chromatin immunoprecipitation (ChIP) and mass spectrometry to identify differential protein-DNA binding in vivo associated with allelic variants of a gene. We demonstrate this approach with the imprinted gene SNRPN. HaploChIP showed close correlation between the level of bound phosphorylated RNA polymerase II at the SNRPN locus and allele-specific expression. Application of the approach to the TNF/LTA locus identified functionally important haplotypes that correlate with allele-specific transcription of LTA. The haploChIP method may be useful in high-throughput screening for common DNA polymorphisms that affect gene regulation in vivo.
Introduction
Single-nucleotide polymorphisms (SNPs) comprise a large part of human diversity, and their inheritance may alter susceptibility to disease. For SNPs in coding regions, it is often possible to predict consequences for protein structure and function, but most SNPs are found in non-coding DNA. These SNPs may affect gene regulation or they may have no biological consequence. Screening for SNPs that affect transcriptional regulation is commonly done by in vitro assays of protein-DNA interaction and plasmid reporter-gene expression. The biological relevance of this approach is limited by the absence of a natural chromatin structure and regulation. Furthermore, SNPs are typically analyzed in isolation, whereas it may be the precise combination of SNPs on a given allele (the haplotype) that determines regulatory significance. We therefore need ways of evaluating the effects of SNPs on transcriptional regulation in vivo, that is, in natural chromosomes in a normally functioning nucleus. The simplest approach is to compare expression levels in cells from people of different genotype; this may, however, be confounded by many genetic, environmental and technical factors that differ between individuals. These factors can be controlled if the alleles are compared in cells from an individual who is heterozygous with respect to a given SNP, for example, by comparing the amount of transcript by allele-specific RT-PCR. Unfortunately, this approach has limited applicability because it requires that the polymorphism or a linked marker appear in the RNA transcript.
This study aimed to find a sensitive method for detecting SNPs that affect gene regulation in vivo, even if there are no suitable genetic markers on the RNA transcript. We reasoned that in a cell that is heterozygous with respect to one or more SNPs in the location of a gene of interest, these SNPs could permit allele-specific discrimination of protein-DNA interactions occurring in vivo and thus identify differential effects on specific molecular events occurring in transcription. We chose to focus here on protein-DNA interactions that could provide a surrogate measure of transcriptional activity, as these have the broadest applicability. The central event of the transcriptional process begins when RNA polymerase II (Pol II) is released from the initiation complex to start synthesis of the nascent transcript. This is associated with phosphorylation of specific serine residues in the C-terminal domain (CTD) of Pol II [1] [2] [3] [4] . Phosphorylation of Ser5 correlates with the transition from initiation to elongation and mRNA capping [4] [5] [6] and is essential for Pol II to be in the processive elongation form 7 , whereas phosphorylation at Ser2 occurs later in elongation 8 . Previous studies have confirmed that the amount of phosphorylated Pol II associated with a segment of chromatin is related to the transcriptional activity of the corresponding gene 3,9-11 . Here we examine whether it is possible to detect differences in the amount of phosphorylated Pol II bound to two different alleles of a gene in cells using haplotype-specific chromatin immunoprecipitation (haploChIP) and whether this is related to allelic differences in gene expression in vivo.
Epstein-Barr virus (EBV) for a SNP at nucleotide position 377 (numbered according to cDNA) in exon 4 of SNRPN 13 . Comparison of genomic DNA and cDNA confirmed that, in cell lines heterozygous with respect to this SNP, only one of the two alleles present in the genomic DNA produced an mRNA transcript (Fig.  1a) . We then carried out a ChIP assay for phosphorylated Pol II using antibodies highly specific for certain phosphorylated serine residues of the CTD 14 . When chromatin from heterozygous cell lines was analyzed for the SNP at nt 377 in SNRPN, the starting material (total input chromatin) contained similar amounts of each allele, whereas the immunoprecipitated material (chromatin to which phosphorylated Pol II was bound) contained predominantly one allele, corresponding to the single allele that produced an mRNA transcript (Fig. 1b) . This shows that one copy of SNRPN is transcriptionally suppressed before phosphorylation of Pol II by TFIIH, that is, before the synthesis of mRNA commences. This is expected, as genomic imprinting is known to depend on DNA methylation 15 and to involve chromatin compaction 16 and histone acetylation 17, 18 .
Accurate quantification of haploChIP
Because the effects of common regulatory polymorphisms may be subtle, the haploChIP approach requires a sensitive quantitative assay of the relative abundance of two different alleles in a sample of immunoprecipitated chromatin that has the potential for highthroughput analysis. To achieve this, we used primer extension with detection by matrix-assisted laser desorption time-of-flight mass spectrometry (MALDI-TOF or PE/MS; refs. 19, 20) . Mass spectrometry allows unequivocal detection of a specific DNA product by its mass-to-charge ratio and avoids problems of secondary-structure formation that can affect detection by hybridization methods 21 . We amplified specific DNA sequences from a sample of immunoprecipitated chromatin by PCR and designed primers to anneal immediately adjacent to the SNP of interest. Primer-extension reactions containing the appropriate dideoxy-terminated nucleotides result in different sized products for each allele, typically different by 300 Da. The PE/MS method confirmed that in a cell line heterozygous with respect to the SNP at nt 377 in SNRPN, the two alleles had similar abundance in the total chromatin but differed markedly in abundance in the chromatin bound to phosphorylated Pol II and in the mRNA ( Fig.  1c-i ). We detected no allele-specific difference in chromatin immunoprecipitated with mock antibodies or in the products of RT-PCR reactions without reverse transcriptase.
To assess the accuracy and sensitivity of this method, we measured the area under the mass-spectrometry peak corresponding to each allele for different ratios of the two alleles for the SNP at nt 377 in SNRPN and SNPs in two other genes: at nt -308 in TNF and nt 252 in LTA (see Supplementary Fig. 1 online) . We observed a close linear relationship between the true ratio of the alleles and the observed ratio of peak areas (r 2 = 0.985, 0.96 and 0.99, respectively, for the three SNPs). Analysis of genomic DNA and of total chromatin from heterozygous cell lines showed that the ratio between peak areas for the two alleles was close to the 1:1 ratio expected (see Supplementary Fig. 1 online) . In later experiments, a SNP at nucleotide 723 in LTA showed a systematic allelic difference in PE/MS signal intensity: this was calibrated to obtain an accurate correction factor for the data below (see Supplementary Fig. 2 
online).

Application of haploChIP to a candidate polymorphism
We applied the haploChIP method ( Fig. 2) to a SNP whose functional significance has been widely debated. The cytokine tumor necrosis factor (encoded by TNF) has a pivotal role in inflammation, immunity and apoptosis. A SNP located 308 nt 5′ of the transcriptional start site has been associated with susceptibility to malaria, leishmaniasis, leprosy, meningococcal disease, asthma and other diseases [22] [23] [24] [25] . But reporter-gene and other functional studies have provided conflicting information as to whether this polymorphism acts to modulate the level of TNF transcription 26, 27 .
We began by evaluating phosphorylated Pol II loading and TNF mRNA expression in EBV-transformed human B cells. After stimulation with 4-β-phorbol-12-myristate-13-acetate (PMA) and ionomycin, TNF mRNA levels increased after 30 minutes and peaked after 1 hour, causing substantial amounts of TNF to appear in the cell supernatant after 2 hours (Fig. 3a,b) . Pol II recruitment at TNF was investigated by ChIP, analyzed using primer pairs as shown in Figure 3c . Loading of total Pol II and Pol II containing a CTD phosphorylated at Ser5 onto the region between -308 and +2 nt relative to the TNF transcriptional start site increased after 15 minutes and returned to baseline after 3 hours (Fig. 3d) . For Pol II containing a CTD phosphorylated at Ser2, binding to the promoter region stayed relatively low, whereas levels at downstream transcribed regions increased during the first hour after stimulation (Fig. 3e) . This is consistent with other evidence that Ser5 and Ser2 are phosphorylated at different stages in the transcriptional process 4 . In subsequent experiments, we focused on phosphorylation of Ser5 as a marker of phosphorylated Pol II loading because it was more reliably immunoprecipitated and easier to interpret.
To explore the relationship between the SNP at nt -308 of TNF and loading of phosphorylated Pol II, we identified B-cell lines heterozygous with respect to the SNP from the CEPH collection 28 and repeated the above experiment, quantifying relative phosphorylated Pol II loading on the two alleles by haploChIP using PE/MS. Over a detailed time course in five different heterozygous cell lines, we found no significant difference between the two alleles discriminated by this SNP in loading of phosphorylated Pol II to the 5′ region of TNF (Fig. 4 and Supplementary  Fig. 3 
online).
Haplotype structure at TNF/LTA The haploChIP analysis of the polymorphism at position -308 in TNF suggested that alleles resolved using this SNP did not have different levels of phosphorylated Pol II loading at TNF in the cell types and conditions of stimulation assayed. We next explored the haplotype(s) bearing this polymorphism more widely across the locus. This included a neighboring gene, LTA, that shares many biological and structural characteristics with TNF 29, 30 . We determined the precise haplotypic structure of the five cell lines heterozygous with respect to the SNP at nt -308 in TNF by cloning and sequencing 10 kb of DNA encompassing TNF and LTA and flanking regions. This identified a total of 14 SNPs (Fig.  5) . Of the 7 located in exons or introns, all were in LTA and none in TNF. In these cell lines, the 14 SNPs comprised only 3 haplotypes. We found that the allele TNF -308A was always accompanied by three polymorphisms of LTA: LTA 10A , LTA 252G and LTA 723A . We refer to this as haplotype A and to the other two haplotypes as B and C. Of the five cell lines described here, four were A/B heterozygotes and one was A/C. Fig. 2 Quantification of differential protein-DNA binding in vivo between two alleles of a gene in a cell that is heterozygous with respect to a marker SNP using haploChIP. Experimentally, we begin by crosslinking protein that is bound to DNA using formaldehyde. Chromosomes are then broken into chromatin fragments by sonication. After immunoprecipitation, we use PCR and primer extension to determine in an allele-specific manner the relative abundance of those gene-specific DNA fragments to which the DNA-binding protein had bound over the genome.
Haplotype-specific polymerase loading at LTA correlates with transcript expression We investigated the three haplotypes at LTA using heterozygous B-cell lines stimulated with PMA and ionomycin. Within 15 minutes of stimulation, the amount of total Pol II and of phosphorylated Pol II loaded onto LTA intron 1 increased, and LTA mRNA expression increased from its constitutive level within 60 minutes (Fig. 6a) . To examine haplotype-specific loading of phosphorylated Pol II, we used the SNP at nt 252 of LTA as a marker. In all four A/B heterozygous cell lines, loading of phosphorylated Pol II was greater onto haplotype A versus B (Fig. 6b-e) . This was most marked 30 minutes after stimulation (mean A:B ratio = 1.31; 95% confidence interval (c.i.) = 1.19-1.44). In contrast, loading of phosphorylated Pol II was not different between haplotypes A and C in the A/C heterozygous cell line (Fig. 6f) .
In contrast to TNF in which we found no transcribed marker on the three haplotypes, haplotype A includes a marker in an LTA exon, allowing us to pursue this result in terms of LTA mRNA expression. Allele-specific RT-PCR analysis using the SNP at nt 723 in LTA showed that haplotypes A and B differed in mRNA expression in a similar way to that observed for loading of phosphorylated Pol II (Fig. 6b-e) . Thirty minutes after stimulation, the mean ratio of LTA mRNA expression from haplotype A versus B was 1.71 (95% c.i. = 1.42-2.01). Over the time course of stimulation, the A:B ratios for loading of phosphorylated Pol II and for mRNA abundance were significantly correlated (Spearman r = 0.77; P = 0.05). As with loading of phosphorylated Pol II, no difference in LTA mRNA synthesis was observed between haplotypes A and C (Fig. 6f) .
Discussion
Analysis of TNF/LTA haplotypes. It is generally recognized that many genetic associations may derive from linked markers, necessitating exploration of haplotype structure at a locus. We report here a clear haplotype-specific difference in levels of mRNA transcript for LTA, but we found no transcribed marker with which to differentiate these haplotypes for TNF. The haplotype-specific difference in transcript at LTA was exactly mirrored by differential loading of phosphorylated Pol II, whereas we found no such difference at TNF. This raises several important issues. First, the absence of a transcribed marker at TNF would previously have precluded analysis of allele-specific 1-24) for the indicated times. PCR amplification (lanes 1-24) was done using primers spanning the TNF promoter region (-308/+2) multiplexed with GAPD promoter primer pair. Input (lanes 1-6) shows products of PCR reactions containing 0.5% of total amount of chromatin used in immunoprecipitations reactions. Mock immunoprecipitations using irrelevant control antibodies (against T Antigen pAb101) are shown (lanes 7-12); immunoprecipitations were done using antibodies specific for total Pol II (lanes 13-18) or for phosphorylated Pol II containing CTD phosphorylated at Ser5 (lanes [19] [20] [21] [22] [23] [24] . mRNA taken concomitantly with chromatin crosslinking at the indicated times after stimulation with ionomycin and PMA was analyzed by relative RT-PCR (lanes 25-31) using primers specific for TNF multiplexed with primers for 18S; cDNA was generated with (lanes [25] [26] [27] [28] [29] [30] or without AMV reverse transcriptase (lane 31). e, ChIP assay for phosphorylated Pol II containing CTD phosphorylated at Ser2 showed progressive accumulation along the TNF coding region as compared with the promoter after stimulation with ionomycin and PMA (lanes 1-20) . ChIP assay was analyzed by multiplex PCR combining TNF-specific primers with GAPD promoter primer pair. Graph shows results of ChIP assay plotting TNF band intensity (normalized by GAPD) across TNF promoter/coding regions derived from phosphoimager analysis. In contrast, the haploChIP approach does not require a transcribed marker and thus allows interrogation of allele-specific effects that is broadly applicable. Second, the correlation of phosphorylated Pol II loading with transcript synthesis at LTA and SNRPN shows the potential of assaying for phosphorylated Pol II loading as a measure of allele-specific gene expression. Further studies are needed to examine the exact nature of this relationship, including, for example, investigation of other specific phosphorylated residues of the Pol II CTD, and whether the approach holds for all genes. These data add to a growing body of information concerning the potential clinical and biological importance of LTA; studies in transgenic mice, for example, have recently implicated LTA in the pathogenesis of bacterial and parasitic infections 31, 32 , and a recent publication shows an LTA association with susceptibility to myocardial infarction in a large genomic association study 33 . Our data showing greater loading of phosphorylated Pol II and transcript synthesis for haplotype A versus B are consistent with previous reports that the LTA 252G allele is associated with higher levels of LTA production 34, 35 . The functional basis of this haplotypic difference is unresolved; prime candidates are six SNPs, located in or immediately upstream of LTA, that differentiate haplotypes A and B (Fig. 5) , though more distant polymorphisms may be responsible. Our finding of no apparent functional difference between haplotypes A and C illustrates the utility of further haplotypic analysis to identify the functional polymorphism, as these two haplotypes are identical for three of the six LTA SNPs that differentiate haplotypes A and B, including that at nt 252.
Potential applications of haploChIP. HaploChIP has the advantage of analysis in vivo in a chromosomal environment of naturally occurring haplotypes, subject to all the regulatory processes that operate in the specific cell type investigated. The method uses a genetic marker to differentiate the binding of a protein between the chromosomal alleles in a cell. Protein-DNA complexes are crosslinked in vivo and then chromatin is fragmented by sonication. The size of the fragments defines the boundaries of the unit of analysis that the method can resolve; in this study, the average size was approximately 800 nt. We then use PCR and primer extension to detect sequences containing a genetic marker (Fig. 2) . The sensitivity of the method in detecting allele-specific differences in protein loading is probably highest where this occurs close to the genetic marker. Any allele-specific difference observed ascribes functional significance to the haplotype defined by the genetic marker36 but not necessarily to the marker itself.
It would be useful to apply this approach to screening on a genomic level for regulatory polymorphisms. Mass spectrometry is becoming the modality of choice for high-throughput genotyping 36 , and its use for the quantification of haploChIP allows for the interrogation of large numbers of SNPs using panels of tissue-specific cell lines from different individuals and of primary cells. We have investigated allele-specific loading of phosphorylated Pol II in this paper, but the same general approach could be applied to any naturally occurring DNA-protein interaction. This would allow allele-specific modulation of binding by specific candidate factors to be interrogated in vivo at different stages of the transcriptional process.
Methods
Cell culture, stimulation and cytokine assays. We obtained established EBV-transformed B cell lines from the Centre d'Etude du Polymorphisme Humain (CEPH) collection (Coriell Institute for Medical Research) and maintained them at 2 × 10 6 cells per ml in RPMI 1640 medium (Sigma) with 2 mM glutamine (Sigma) and 10% fetal calf serum (Sigma) at 37 °C and 5% CO 2 . We stimulated cells with 200 nM PMA (Sigma) and 1 µM ionomycin (Sigma) unless otherwise stated. For northern-blot analysis of TNF, we isolated total RNA using Tri reagent (Sigma). We separated 15 µg RNA on a 1.4% agarose-1.8 M formaldehyde gel. We transferred products to Hybond-N + (Amersham Biosciences) then hybridized them with 32 Plabeled TNF cDNA corresponding to exon 4 (a gift from I. Udalova) and with a β-actin control (Qiagen). We measured amount of TNF by enzymelinked immunosorbent assay as previously described 37 . For RT-PCR analysis of TNF and LTA, we isolated total RNA using an Absolutely RNA RT-PCR miniprep kit (Stratagene). We prepared cDNA using random decamers and AMV reverse transcriptase and then carried out relative quantitative RT-PCR (Ambion) according to manufacturer's instructions, multiplexing gene-specific primers with appropriate 18S rRNA primers and competimers. Cycling parameters were 94 °C for 5 min followed by 30 4 Allele-specific loading of phosphorylated Pol II analyzed for the SNP at nt -308 of TNF by PE/MS. We stimulated five cell lines heterozygous for this SNP with ionomycin and PMA. The overall mean ratios (± s.d.) of phosphorylated Pol II loading between the A and G alleles were assayed using antibodies against Pol II CTD phosphorylated at Ser5. For each cell line, we determined the mean of three immunoprecipitation reactions for a given time point, with each immunoprecipitation analyzed by three independent PCR amplification reactions, which were in turn each spotted as four replicates on the chip before PE/MS. cycles (for TNF) or 24 cycles (for LTA) of 94 °C for 10 s, 57 °C for 30 s and 72 °C for 60 s. Primer sequences are available on request. We resolved RT-PCR products by 6% PAGE and quantified them using the Cyclone storage phosphor system (PerkinElmer).
Genotyping and sequencing. We carried out long-range PCR from genomic DNA stocks using the 'Expand' (BI) Long-Range system (Roche) to amplify a 10-kb region spanning LTA and TNF (from 39231 to 49111 on accession number Y14678). We cloned PCR products using TOPO-XL (Invitrogen) and then sequenced them using the Big-Dye terminator kit on an ABI3700 (Applied Biosystems). We used polyphred alignment to create haplotypes from each hemizygous clone. We typed the SNP at nt 377 of SNRPN using BstUI and PstI as previously described 38 and the SNP at nt -308 of TNF by amplification refractory mutation system as previously described 39 .
Chromatin immunoprecipitation. We crosslinked 5 × 10 8 cells using formaldehyde (1% final concentration) for 45 min at room temperature and quenched reactions by adding glycine (final concentration 0.125 M).
We lysed cells, collected nuclei, sonicated and purified chromatin fragments on a cesiumchloride gradient and carried out dialysis as described previously 40 with the following modifications. To inhibit any potential phosphatase activity, we included 10 mM sodium pyrophosphate (Sigma) in all buffers. We sonicated nuclei at 4 °C using a microtip attached to a Branson 450 Sonifier in 30 s bursts (six times at setting 4 then six times at setting 5), cooling samples on ice for 1 min between pulses. For immunoprecipitation of chromatin, we used magnetic beads as described 41 . We incubated Dynabeads M-280 precoated with sheep antibody against mouse IgG (Dynal) overnight with mouse monoclonal antibodies at 4 °C in phosphate-buffered saline containing 5 mg ml -1 bovine serum albumin (Sigma). We used specific antibodies against phosphorylated serine residues of the CTD of Pol II (Ser5, MMS-134R clone H14; Ser2, MMS-129R clone H5; Covance); we also did mock antibody controls using anti-T Antigen pAb101 (sc-147; Santa Cruz Biotechnology). For total Pol II chromatin immunoprecipitations, we incubated rabbit polyclonal antibody against Pol II (N-20; sc-899; Santa Cruz Biotechnology) against the N terminus of the large subunit of Pol II with Dynabeads M-280 precoated with sheep antibody against rabbit IgG (Dynal) and then added them to chromatin as described. After washing to remove unbound antibody, we incubated antibody beads overnight at 4 °C with 50 µg chromatin in 1× RIPA buffer 11 containing 10 mM sodium pyrophosphate, 1× complete protease inhibitors (Roche) and 5 µg ml -1 pepstatin (Roche) on a nutator. We washed bead-chromatin immunoprecipitations as described 11 with minor modifications. We washed immunoprecipitates twice with 1× RIPA buffer, twice with 1× RIPA buffer containing 100 µg ml -1 salmon sperm DNA (Promega) for 5 min with rotation, twice with 1× RIPA buffer containing 300 mM NaCl final plus 100 µg ml -1 salmon sperm DNA for 5 min with rotation and once with 1× RIPA buffer containing 250 mM LiCl (Sigma). For total Pol II, we washed immunoprecipitates seven times in 1× RIPA buffer. We resuspended beads in 100 µl of TE digestion buffer containing 0.5% SDS with 1 µg RNaseA (Roche) and 2 µg proteinase K (Roche) and incubated them at 55 °C for 3 h and then for 12 h at 65 °C to Fig. 6 Allele-specific loading of phosphorylated Pol II in vivo at LTA. a, ChIP assay at the indicated times after stimulation with ionomycin and PMA. Input chromatin and immunoprecipitated products amplified by primers spanning LTA intron 1 (+160/+475) and GAPD promoter primers either singly (lanes 1,2) or as a multiplex (lanes 5-28) are shown. mRNA was taken concomitantly with chromatin crosslinking at the indicated times after stimulation with ionomycin and PMA and was analyzed by relative RT-PCR using primers specific for LTA multiplexed with primers for 18S (lanes  29-35) . b-f, Allele-specific transcription at LTA. The ratio of phosphorylated Pol II loading between the G and A alleles at the SNP at nt 252 of LTA (open circles with solid connecting lines) and the ratio of mRNA from the A and C alleles of the SNP at nt 723 of LTA (filled circles with dashed connecting lines) for each of five heterozygous B-cell lines stimulated with ionomycin and PMA are shown. For each cell line, the mean ± s.d. of three immunoprecipitation reactions for phosphorylated Pol II loading using antibodies against Pol II CTD phosphorylated at Ser5 are shown for a given time point. We analyzed each immunoprecipitation by three independent PCR amplification reactions, which were in turn each spotted as four replicates on the chip before PE/MS. For mRNA analysis, we amplified cDNA in four independent PCR amplification reactions, which were in turn each spotted as four replicates on the chip before PE/MS. Haplotypes were A/B for four of the cell lines (panels b-e) and A/C for one cell line (f). reverse crosslinks. We extracted DNA using phenol-chloroform and precipitated it with ethanol in the presence of 20 µg glycogen. We resuspended pellets in 100 µl TE buffer and assayed contents by semiquantitative PCR as described 40 , multiplexing with GAPD promoter primer pair (primer sequences available on request).
Primer extension and mass spectrometry. We carried out first-round PCR using 5 ng genomic DNA or 5 µl ChIP DNA in a 25 µl reaction volume using 0.5 U BioTaq (Bioline) with 0.8 mM dNTPs, 1.9 mM MgCl 2 and 0.2 µM each primer (see Supplementary Table 1 We divided each first-round product into 4 wells on a 384-well plate and then removed unincorporated dNTPs using shrimp alkaline phosphatase by incubating at 37 °C for 20 min and then at 85 °C for 5 min. We carried out primer extension using a homogeneous MassEXTEND (Sequenom) reaction comprising a cocktail of 100 µM extension primer (see Supplementary  Table 1 online), 0.576 U MassEXTEND enzyme, buffer and a termination mix of dTTP and ddATP, ddCTP and ddGTP (except for the SNP at nt 723 of LTA, for which we used dGTP, ddATP, ddCTP and ddTTP). We carried out primer extension at 94 °C for 2 min and then 40 cycles of 94 °C for 5 s, 52 °C for 5 s and 72 °C for 5 s. We desalted products of primer extension using SpectroCLEAN (Sequenom) resin and transferred them onto a SpectroCHIP (Sequenom) microarray by SpectroPOINT (Sequenom) nanoliter dispenser. We carried out MALDI-TOF analysis using a SpectroREADER (Sequenom) mass spectrometer.
Note: Supplementary information is available on the Nature Genetics website.
